Abstract Novel, partially bio-based poly(vinyl ether) copolymers derived from soybean oil and cyclohexyl vinyl ether (CHVE) were produced by cationic polymerization and investigated for application as alkydtype surface coatings. Three different polymers were produced and cured clear coatings and free films characterized as a function of CHVE comonomer content and curing conditions. CHVE comonomer content was varied at 0, 25, and 50 wt%, and the three different curing conditions were 1 week at room temperature, 120°C for 1 h, and 150°C for 1 h. The results of the study showed that the thermal, mechanical, and physical properties of the coatings produced from these novel polymers varied considerably as a function of polymer composition and cure temperature. Overall, the results suggest a good potential for these novel copolymers to be used for coatings cured by autoxidation. Compared to conventional alkyd resins, which are produced by high temperature melt condensation polymerization, these poly(vinyl ether)s provide several advantages. These advantages include milder, more energy efficient polymer synthesis, elimination of issues associated with gelation during polymer synthesis, production of polymers with well-defined composition and relatively narrow molecular weight distribution, and elimination of film formation and physical property issues associated with entrained monomers, dimers, trimers, etc.
Introduction
As a result of the finite supply of fossil resources, price volatility of petroleum, and concerns about the environment, interest in the replacement of petrochemicals with renewable materials has been increasing rapidly. To illustrate, the United States Department of Agriculture and the Department of Energy have set goals of obtaining 20% of transportation fuels and 25% of chemicals from renewable feedstocks by 2030. 1 At present, only a few percent of basic chemical building blocks are derived from renewable resources. 2 Renewable feedstocks, commonly referred to as biomass, useful for the production of chemicals include plant oils, polysaccharides, sugars, and wood. Of the different sources of biomass-based feedstocks, plant oils are particularly useful for the production of chemicals because they can be relatively easily isolated and possess a variety of functional groups for chemical derivatization.
A plant oil is largely comprised of triglycerides with the fatty acid ester composition of the triglycerides varying based on the source of the oil. For example, linseed oil possesses a relatively high level of unsatura-tion with approximately 6.6 double bonds per triglyceride, while palm oil possesses a relatively low level of unsaturation with approximately 1.8 double bonds per triglyceride. The relatively high level of unsaturation associated with linseed oil has enabled it to be utilized as a surface coating since a thin film of the oil can be converted to a crosslinked, insoluble network simply by prolonged exposure to air. The crosslinking process, referred to as autoxidation, is a free radical chain reaction that can be divided into three steps, namely initiation, propagation, and termination. Initiation is believed to involve the abstraction of diallylic hydrogen atoms by singlet oxygen to produce a resonancestabilized carbon-centered radical. 3 Reaction of the carbon radical with oxygen produces a peroxy free radical that can abstract a hydrogen from a labile site on another fatty acid chain to propagate the process. The termination reactions that involve radical-radical combination reactions provide crosslinks. Carbon-carbon, ether, and peroxide crosslinks have all been suggested to occur with autoxidation. [4] [5] [6] [7] Alkyds are polyester oligomers typically derived from a mixture of a polyol, dicarboxylic acid or anhydride, and fatty acids. 8 The most common polyol for alkyd resins is glycerol, and the most common diacid component is phthalic anhydride. The most common fatty acids utilized for alkyds are those derived from tall oil, soybean oil (SBO), or linseed oil. For glycerol-derived alkyds, it is common to use the oil triglyceride instead of fatty acids. This process, referred to as the ''monoglyceride process,'' involves reaction of the triglyceride with sufficient glycerol to provide the total amount of glycerol required for the desired alkyd resin. 9 Alkyds are typically manufactured using melt condensation polymerization at temperatures above 200°C. The use of a tri-or multifunctional polyol is required to enable the monofunctional fatty acids to be incorporated into the resin while still providing the molecular weight build-up required for good film formation and cured film properties. Since a tri-or multifunctional polyol is used in the synthesis, the stoichiometry of the monomers must be controlled and the polymerization closely monitored to prevent gelation during manufacture. Besides risks of gelation due to an inappropriate ratio of monomers and/or driving the degree of condensation too close to completion, gelation can also be induced by side reactions involving the fatty acids. At the temperatures used for the polymerization, dimerization of fatty acid chains can occur. The propensity for dimerization increases as the content of diallylic groups increases. Thus, gelation is more likely for alkyds based on drying oil fatty acids such as linseed oil fatty acids and tung oil fatty acids. 9 The authors have been investigating the utility of high molecular weight, linear poly(vinyl ether)s possessing fatty acid ester pendent chains for a variety of applications including surface coatings. [10] [11] [12] [13] [14] As shown in Fig. 1 , monomer synthesis involves transesterification of a plant oil with 2-(vinyloxy)ethanol (2-VOE) to produce a vinyl ether monomer that possesses fatty acid ester chains derived from the plant oil. The polymerization is a cationic polymerization process that utilizes 1-isobutoxyethyl acetate (IBEA) as the initiator, ethylaluminum sesquichloride (Et 3 Al 2 Cl 3 ) as the coinitiator, and toluene as the solvent. With this system, polymerization occurs exclusively through the vinyl ether double bond producing a homopolymer with unsaturation in the fatty acid ester pendent groups derived from the plant oil starting material. This polymerization system also results in a living polymerization, which enables control of polymer molecular weight and narrow molecular weight distributions (MWDs). 10 For the polymer derived from SBO, i.e., poly [2-(vinyloxy) ethyl soyate] [poly(2-VOES)], the glass transition temperature was approximately À98°C and crystallizability was greatly reduced compared to SBO triglycerides. Since the number of double bonds per molecule for poly(2-VOES) is dramatically higher than SBO, the gel-point for crosslinked networks obtained from autoxidation of poly(2-VOES) is reached at much lower extents of reaction compared to SBO. 12 This translates into much shorter durations for coatings to become dry-to-the-touch. In addition, higher crosslink densities are achieved for poly(2-VOES) resulting in better chemical resistance and higher hardness of cured films.
Despite the significantly shorter cure time and significantly higher crosslink density provided by the conversion of SBO into a high molecular polymer, cured films of poly(2-VOES) possess sub-ambient T g s. This can be attributed to the very low T g of poly(2-VOES). As a result, copolymerization of 2-VOES with other monomers has been of interest. Recently, coatings derived from copolymers of 2-VOES and a comonomer produced from the naturally occurring compound, menthol (i.e., 2-isopropyl-5-methylcyclohexanol), were produced and characterized. 15 Due to the cyclic nature of the menthol-derived comonomer, the T g s of the copolymers produced were significantly higher than that of poly(2-VOES), which resulted in higher T g s for cured coating films. Since the menthol vinyl ether monomer is not commercially available, it was of interest to produce and characterize coatings derived from copolymers of 2-VOES and a commercially available vinyl ether monomer that could substantially increase copolymer T g compared to that of poly(2-VOES). Of the commercially available vinyl ether monomers, cyclohexyl vinyl ether (CHVE) was expected to provide the highest increase in copolymer T g . 16 This document describes the production and characterization of coatings derived from copolymers of 2-VOES and CHVE. Compared to conventional alkyd resins, copolymers of 2-VOES and CHVE possess a few significant advantages. First, the copolymer can be synthesized using mild conditions via cationic polymerization instead of high temperature melt condensation polymerization. 17, 18 Secondly, the potential for gelation during resin manufacture that exists for alkyd synthesis is eliminated using the cationic addition polymerization previously developed. 10 Finally, copolymers produced from 2-VOES and CHVE and cationic polymerization are much more well-defined than the highly branched, broad MWD alkyd resins. The poly(2-VOES-co-CHVE) copolymers produced were free of residual monomer or low molecular weight species, while alkyd resins can often contain unreacted monomers as well as dimers and trimers that can be detrimental to film formation and coating physical properties.
Experimental

Materials
The materials used for the study are described in Table 1 . Unless specified otherwise, all materials were used as received.
Synthesis of homopolymers and copolymers of 2-VOES and CHVE 2-VOES and poly(2-VOES) were synthesized as previously described. 11 The initiator (i.e., cationogen) used for all polymerizations was 1-isobutoxyethyl acetate (IBEA). IBEA was prepared using the procedure of Aoshima and Higashimura. 19 Poly(CHVE) was synthesized inside a dry nitrogen glove box as follows: to a 20 mL glass vial dried at 200°C for 2 h, CHVE (5 g), dry toluene (25 mL), and IBEA (31 mg) were combined and the reaction mixture cooled to 0°C. The polymerization was initiated by adding 1.1 mL of the coinitiator, Et 3 Al 2 Cl 3 (25 wt% in toluene). The polymerization was terminated after 18 h by the addition of 25 mL of chilled methanol, which caused the polymer to precipitate. The precipitate was isolated and washed with methanol using vacuum filtration. The purified polymer was collected after drying under vacuum (5-7 mmHg) at 30°C overnight.
Two copolymers of 2-VOES and CHVE were synthesized using a polymerization process that was similar to the process used to produce poly(CHVE). Table 2 lists the amount of each reagent used to produce the copolymers. Each polymerization was carried out in a 500 mL round-bottom flask baked at 200°C for 2 h and allowed to cool inside a dry nitrogen glove box. The flask was equipped with an overhead mechanical stirrer, and the reaction mixture consisting of 2-VOES, CHVE, IBEA, and toluene was cooled to 0°C before adding the Et 3 Al 2 Cl 3 . After adding the Et 3 Al 2 Cl 3 to initiate the polymerization, the polymer- ization was allowed to proceed over an 18 h period. Each polymerization was terminated by adding 100 mL of chilled methanol to the vessel. Adding this volume of methanol caused the polymer to precipitate. Each copolymer was isolated and washed four times with methanol using vacuum filtration. The purified copolymers were isolated as viscous liquids after drying under vacuum (5-7 mmHg) at 30°C overnight. The number-average molecular weight (Mn) and MWD of the polymers produced, as expressed relative to polystyrene standards, are shown in Table 3 .
Preparation of free films and coated panels
Poly(2-VOES) and the two poly(2-VOES-co-CHVE) copolymers were used to prepare crosslinked networks by curing via autoxidation. The autoxidation catalyst system utilized was derived from a mixture of Co, Zr, and Zn organometallic compounds. Each liquid mixture was produced by blending 10 g of polymer, 8 mg of cobalt octoate, 40 mg of zirconium octoate, and 450 mg of Nuxtra Ò Zinc using a FlackTek mixer operating at 3500 rpm for 30 s. Both free films and coated steel panel specimens were produced from each polymer. The steel panels were obtained from Q-LAB. The product number for the specific test panels obtained from Q-LAB was SP-105337. Each liquid composition was cast over panels using a drawdown bar with an 8 mil gap. In addition to the steel panels, free film specimens were produced by casting the liquid compositions over Teflon Ò -laminated glass panels using the same drawdown bar used to produce coatings on steel substrates. After curing, free film specimens were peeled from the Teflon Ò substrate. Both coated and free film specimens were produced from each polymer using three different cure conditions. One set of free films and coated specimens was produced by curing at room temperature (i.e., ambient conditions) for 1 week. This set of specimens is identified using ''RT'' in the sample designation. Another set of materials was produced by allowing the coated panels to stand at ambient conditions for 1 h before placing the specimens in a forced-air oven at 120°C for 1 h. After curing at 120°C for 1 h, the samples were allowed to stand at ambient conditions for 1 week before testing. This set of specimens is identified using ''120C'' in the sample designation. The third set of specimens was produced using the same procedure described for the coatings cured at 120°C with the exception that the oven temperature was set at 150°C. This set of specimens is identified using ''150C'' in the sample designation. 
Methods
The thermal properties of the polymers were characterized using differential scanning calorimetry (DSC) on 7-10 mg samples that were thoroughly dried prior to the measurement. The heating and cooling regime used was as follows: (1) Cool from room temperature to À125°C at 10°C/min (1st cooling cycle); (2) hold at À125°C for 2 min; (3) heat to 60°C at 10°C/min (1st heating cycle); (4) cool to À125°C at 20°C/min (2nd cooling cycle); (5) hold at À125°C for 2 min; and (6) heat to 60°C at 20°C/min (2nd heating cycle). For mechanical property characterization, specimens were cut from crosslinked free films using a die that produced ASTM D638 Type V tensile specimens. Stress-strain data were generated at room temperature using a strain rate of 1 mm/min. Viscoelastic properties of crosslinked networks were characterized using dynamic mechanical analysis (DMA). Rectangular specimens 20 mm in length, 5 mm wide, and 0.07-0.10 mm thick were cut from free films. Temperature was ramped from À90 to 120°C at a heating rate of 5°C/min. The frequency and strain amplitude used were 1 Hz and 0.02%, respectively. T g was reported as the peak maximum of the tan d response.
Free film specimens and a Soxhlet extraction method were used to measure the gel content of crosslinked networks. A known amount of free film specimen was placed in a pre-weighed cellulose extraction thimble obtained from Whatman Ò and the thimble containing the sample placed in the Soxhlet extraction apparatus. The extraction apparatus was equipped with a round-bottom flask containing 400 mL of toluene and a condenser. The toluene was heated to reflux and the extraction run overnight. The weight of the thimble and sample after extraction was determined after they had been dried in a vacuum oven. Gel content was expressed as the weight of the toluene insoluble fraction of the material.
Cured films cast on steel panels were used to measure coating hardness, chemical resistance, flexibility, adhesion, and impact resistance. Hardness was determined using the Kö nig pendulum hardness test described in ASTM D4366. Chemical resistance was determined using the MEK double rub test detailed in ASTM D5402. Flexibility was characterized using the conical mandrel bend test as described in ASTM D522. Impact resistance was characterized using the falling weight impact tester and the method described in ASTM D2794. The uncoated side of the panel received the impact (i.e., reverse impact). Adhesion was determined using the crosshatch adhesion method described in ASTM D3359.
Instrumentation
Proton nuclear magnetic resonance ( 1 HNMR) spectra were obtained using a JEOL-ECA 400 (400 MHz) nuclear magnetic resonance spectrometer and CDCl 3 as the lock solvent. Data acquisition was completed using 16 scans. Fourier transform infrared (FTIR) spectra were obtained with a Nicolet 6700 FTIR spectrometer. Thin polymer films were solution cast onto a KBr disk, subsequently dried, and then scanned from 500 to 4000 cm À1 using 64 scans and 1.93 cm À1 data spacing. The instruments used for DSC and DMA experiments were a Q1000 DSC (TA Instruments) and Q800 Dynamic Mechanical Analyzer (TA Instruments), respectively. Mechanical properties of free film specimens were determined using an Instron 5545 Tensile Tester fitted with a 100 N load cell. Molecular weight and MWD data were obtained using gel permeation chromatography (GPC). The instrument was a Symyx Rapid-GPC with an evaporative light scattering detector (PL-ELS 1000). Samples were prepared in THF at a concentration of 1 mg/mL. The molecular weight data were expressed relative to polystyrene standards.
Results and discussion
Synthesis and characterization of poly(2-VOESco-CHVE) copolymers
Two copolymers possessing nominal CHVE contents of 25 and 50 wt% were synthesized along with the homopolymer of 2-VOES and the homopolymer of CHVE. Figure 2 displays the 1 H NMR spectrum of the copolymer derived from a 50/50 wt/wt comonomer feed composition. The spectrum contained multiple peaks that were used to determine the actual composition of the two copolymers produced. For example, the peak labeled ''h'' was nicely isolated from other peaks and its integration value was used to represent the concentration of 2-VOES repeat units in the copolymers, while peak ''c'' was integrated and the integration value used to represent the concentration of CHVE in the two copolymers. Using the integration values of these two peaks, the weight percent of CHVE units in the poly(2-VOES-co-CHVE)-75/25 copolymer and poly(2-VOES-co-CHVE)-50/50 copolymer was 26 and 51, respectively. Thus, the composition of the copolymers was essentially the same as the composition of the monomer feed ratios. Figure 3 shows the FTIR spectrum obtained for the poly(2-VOES-co-CHVE)-50/50 copolymer. The sharp, intense band at 1748 cm À1 corresponds to carbonyl stretching of the ester group in 2-VOES repeat units, while the intense bands centered at 2940 and 2857 cm À1 are associated with motions corresponding to the methylene and methyl groups. 20 The weak band at 3022 cm À1 is a result of motions of the CH olefin groups from 2-VOES repeat units. The band at 1460 cm À1 was assigned to CH 3 asymmetric bending, while the band at 1370 cm À1 was assigned to motions of the O-CH 2 groups. 21 The thermal properties of the two copolymers were compared to the two homopolymers, poly(2-VOES) and poly(CHVE). Figure 4 shows DSC thermograms for poly(2-VOES) (Fig. 4a) , poly(CHVE) (Fig. 4b) , and the two copolymers (Fig. 4c) . Consistent with the author's initial report on poly(2-VOES), this polymer exhibits a very low T g at approximately À98°C and a melting temperature at À27°C. 12 The melting endotherm observed for poly(2-VOES) was due to sidechain crystallization of the fatty acid ester pendent groups derived from SBO. Poly(CHVE), on the other hand, shows no evidence of crystallization and a T g of 58°C. Using the Fox equation 22 and assuming the production of statistical copolymers, the T g of poly(2-VOES-co-CHVE)-75/25 and poly(2-VOES-coCHVE)-50/50 should be À75 and À44°C, respectively. The DSC thermogram for poly(2-VOES-co-CHVE)-75/25 exhibits a very weak endotherm at approximately À34°C, while the thermogram for poly(2-VOES-co-CHVE)-50/50 is essentially featureless. The very weak endotherm observed for poly(2-VOES-co-CHVE)-75/ 25 was attributed to side-chain crystallization of fatty acid ester moieties. The lower heat of fusion and lower melting temperature obtained for poly(2-VOES-co-CHVE)-75/25 as compared to poly(2-VOES) was consistent with expectations based on Flory's theory of melting point depression in copolymers. 23 Compared to a crystallizable homopolymer, the introduction of comonomer units into the polymer backbone reduces melting point and crystallizability because the comonomer units essentially act as impurities at the crystal growth front if they are not isomorphic with the crystallizable units. Increasing the concentration of CHVE repeat units to 50 wt% essentially eliminates side-chain crystallization as observed by the lack of a distinct melting endotherm in the thermogram for poly(2-VOES-coCHVE)-50/50. The inability to observe a T g from the DSC thermograms may be the result of a relatively broad distribution in chemical composition of the chain segments associated with the relaxation. Unlike homopolymers, which possess a uniform polymer backbone composition, the polymer segments associated with the T g of a copolymer possess a distribution of chemical composition often resulting in a broadening of the relaxation.
Viscoelastic properties and gel content of cured films
The viscoelastic properties of the crosslinked networks produced from poly(2-VOES) and the two copolymers were characterized using DMA. Figure 5 displays representative thermograms that were obtained. Figures 5a and 5b illustrate the effect of cure conditions on the storage moduli and tan d response, respectively, of the networks based on poly(2-VOES), while Figs. 5c and 5d illustrate the effect of CHVE content on films cured at room temperature. The primary parameters obtained from the DMA thermograms were the crosslink density and T g of the networks. The crosslink density was estimated from the value of the storage modulus (E¢) in the rubbery plateau region. As illustrated in Fig. 5a , the storage moduli in the temperature region above the T g were relatively constant. This region of the thermogram for a crosslinked network is referred to as the rubbery plateau region, and, according to the theory of rubbery elasticity, the crosslink density can be estimated from the rubbery plateau storage modulus value using the following equation 24, 25 :
where is the crosslink density defined as the moles of crosslinks per unit volume of material, R is the gas constant, E¢ is storage modulus in the rubbery plateau region, and T is the temperature corresponding to the storage modulus value. Using this relationship, E¢ data at 90°C was used to determine the crosslink density of all the crosslinked networks produced, and the results are shown in Fig. 6 . For the networks derived from poly(2-VOES), the crosslink density was very sensitive to cure temperature with the crosslink density increasing significantly with increasing temperature as expected. In contrast, the networks derived from the two copolymers increased just slightly with increasing cure temperature. The dilution of the 2-VOES repeat units with CHVE repeat units reduces the rate of crosslinking by reducing the concentration of reactive groups in the system. It should be understood that the crosslink density values obtained with this method are estimates since the underlying theory contains assumptions that may not be completely valid, and the E¢ data in this region of the thermogram tend to be somewhat noisy. The T g of the networks was obtained from the peak maxima of the tan d response. As shown in Fig. 7 , both polymer composition and cure temperature affected crosslinked network T g . With regard to the effect of polymer composition, it can be easily seen that increasing the concentration of CHVE repeat units in the polymer increased the T g of the crosslinked network quite substantially. For example, if just the coatings cured at room temperature are considered, introducing 25 wt% of CHVE repeat units into the poly(2-VOES) backbone increased the network T g by 12.5°C. Increasing the CHVE repeat unit content to 50 wt% provided an additional increase in T g of 18.5°C. Thus, overall, the incorporation of the relatively rigid conomomer, CHVE, into the poly(2-VOES) backbone is an effective means to increase the T g of the crosslinked network. With regard to cure temperature, for each polymer used, increasing the cure temperature increased crosslinked network T g . Since crosslinks reduce polymer backbone segmental mobility, the increase in T g with increasing cure temperature suggests that the crosslinked density increased with increasing cure temperature. Interestingly, the increase in crosslink density as estimated from the rubbery plateau modulus was very slight for the networks based on the two copolymers. For example, increasing the cure temperature from room temperature to 120°C for networks based on poly(2-VOES-co-CHVE)-50/50 increased the estimated crosslink density by just 1.5%, but the T g of the network increased by 25%. As mentioned previously, it should be understood that the crosslink density data obtained from E¢ data are an estimate and may contain considerable error.
The gel content of the crosslinked networks, which is a function of the crosslink density, was determined by Soxhlet extraction with toluene as the extraction solvent. As shown in Fig. 8 , both polymer composition and cure temperature affected gel content. Overall, increasing the CHVE concentration in the polymer decreased gel content, while increasing cure temperature of a given polymer increased gel content. These trends are consistent with expectations when variations in crosslink density are considered. Since the 2-VOES repeat units possess the functionality required for crosslinking, diluting the concentration of 2-VOES repeat units with CHVE repeat units results in a decrease in crosslink density and, thus, a decrease in the weight of insoluble material. For a given polymer composition, increasing cure temperature drives higher extents of crosslinking, resulting in higher gel contents.
Mechanical properties of cured films
The bulk mechanical properties of the cured networks were determined by stamping test specimens from free films and measuring stress as a function of strain until failure. Figure 9 provides representative stress-strain data for each of the nine different crosslinked networks produced. From Fig. 9 , it can be seen that mechanical properties varied considerably as a function of polymer composition. For networks based on poly(2-VOES) or poly(2-VOES-co-CHVE)-75/25, the stress-strain response was characteristic of a brittle material with stress increasing linearly with strain until fracture. In contrast, the networks based on the copolymer with the highest CHVE content [i.e., poly(2-VOES-co-CHVE)-50/50] exhibited ductile or plastic-like behavior with much higher strains being achieved before fracture. Both the poly(2-VOES-co-CHVE)-50/50-RT network and the poly(2-VOES-co-CHVE)-50/50-120C network exhibited ductile behavior with the latter displaying strain hardening at strains above about 60%. The poly(2-VOES-co-CHVE)-50/50-150C network exhibited plastic-like behavior with the stress increasing sharply at low strain followed by a much more gradual increase in stress with increasing strain. The transition from brittle to ductile behavior as the concentration of CHVE was increased beyond 25 wt% can be explained by considering the relative difference in crosslink density between the materials. Networks based on poly(2-VOES) and poly(2-VOES-co-CHVE)-75/25 possess higher crosslink densities compared to poly(2-VOES-co-CHVE)-50/50 due to their higher 2-VOES repeat unit concentrations. Since crosslinks hinder segmental motions and polymer chain disentanglement, these networks exhibited brittle behavior. Obviously, decreasing the 2-VOES repeat unit concentration to 50 wt% was sufficient to provide ductility to the networks. The plastic-like behavior and exceptionally high Young's modulus (Fig. 10) observed for the poly(2-VOES-co-CHVE)-50/50-150C network can be attributed to its T g . The T g for this network was 29°C, which is above the temperature used during tensile testing (i.e., room temperature $ 23°C). Thus, this network, unlike the others, was in the glassy state at the tensile testing temperature. The lack of polymer backbone segmental mobility associated with the glassy state provides substantial resistance to deformation and, as a result, a substantial increase in Young's modulus. Figure 10 provides the average values of Young's modulus, tensile strength, and elongation at break for the nine crosslinked networks. With regard to Young's modulus (Fig. 10a) , poly(2-VOES-co-CHVE)-50/50-150C and poly(2-VOES-co-CHVE)-50/50-120C exhibited significantly higher moduli than any of the other networks, which, as just described, can be attributed to the networks being in the glassy state at the testing temperature. For the other networks, Young's modulus varied with relative variations in crosslink density. For example, at a given cure temperature, networks based on poly(2-VOES) exhibited higher modulus than the analogous network based on poly(2-VOES-co-CHVE)-75/25. In addition, for a given polymer, increasing cure temperature increased Young's modulus.
As expected, relative variations in elongation at break varied with relative variations in crosslink density. At a given cure temperature, elongation increased with increasing CHVE repeat unit content (i.e. decreasing 2-VOES repeat unit content), and, at a given CHVE repeat unit content, increasing cure temperature decreased elongation at break.
Properties of coated substrates
Each of the three polymers was coated onto steel substrates and cured using the three different curing temperatures. The adhesion, hardness, flexibility, chemical resistance, and impact strength were determined using industry standard methods. The flexibility was characterized using the conical mandrel bend test (ASTM D522), and all nine coatings exhibited excellent flexibility as evident from the lack of cracking or delamination. Figure 11 displays the results obtained for the other coating-specific tests. In general, all of the coating properties varied significantly with both polymer composition and cure temperature. Figure 11a shows the variation in coating adhesion with polymer composition and cure temperature. The test method used to determine adhesion was the crosshatch adhesion method (ASTM D3359). With this method, the degree of adhesion is accessed visually by rating the amount of coating removed from the crosshatched area. A rating of ''5B'' indicates no coating removal; a rating of ''0B'' indicates greater than 65% coating removal; ratings between 0B and 5B indicate intermediate levels of coating removal between these two extremes. As shown in Fig. 11a , at a given cure temperature, increasing the content of CHVE units in the copolymer generally increased the degree of adhesion. This result may be due to variations in cure shrinkage. As already discussed, the crosslink density of these networks increases with increasing 2-VOES repeat unit content. Converting these liquid polymers to solid films via crosslinking causes significant volume shrinkage, which in turn can result in reduced adhesion. 26 With regard to cure temperature, it can be seen that increasing cure temperature generally increases adhe- sion. While elevated temperature curing drives higher extents of crosslinking and, thus, greater shrinkage, it can also be expected to provide greater polymer chain segmental mobility such that a higher number of thermodynamically favorable coating/substrate interactions can be achieved. Further, elevated temperature cure would be expected to provide more uniform curing through the thickness of the coating and, thus, enhanced adhesion. As expected, the trends in chemical resistance, as determined using the MEK double rub method (ASTM D5402), varied with the relative degree of crosslinking achieved in the coatings. At a given cure temperature, chemical resistance decreased with increasing CHVE repeat unit content (i.e., decreasing 2-VEOS repeat unit content), and, at a given polymer composition, MEK double rubs increased with increasing cure temperature.
The trends observed with respect to pendulum hardness and impact resistance were very interesting.
Pendulum hardness involves the measurement of the amount of time required to dissipate the rocking motion of two stainless steel balls put into motion by releasing a pendulum. Thus, pendulum hardness is essentially a measurement of the viscoelastic properties of the coating. Coatings exhibiting a relatively high viscose response to the stress induced by the steel balls would be expected to more effectively dissipate that stress resulting in a relatively low pendulum hardness value. As shown in Fig. 11c , the coatings based on poly(2-VOES) displayed the highest pendulum hardness at a given cure temperature. Room temperature, which is the test temperature for pendulum hardness, is well above the T g of the poly(2-VOES)-based coatings and, thus, the tan d values obtained from DMA were relatively low. By definition, tan d is the ratio of the loss modulus (E †) to the storage modulus (E¢). A low tan d value indicates that a relatively large fraction of the mechanical energy induced in a material is stored in the material providing an elastic response, while a , and elongation at break (c) for the nine crosslinked networks produced for the study high tan d value indicates that most of the mechanical energy is dissipated by converting it to heat through a viscose response. For all of the coatings based on the two copolymers, tan d values near ambient temperature were much higher because the T g of the networks are closer to ambient temperature and the transition is relatively broad (Fig. 5d) . Based on the tan d values obtained from DMA (Fig. 5d) , the relative ranking of pendulum hardness values for coatings cured at room temperature would be expected to be poly(2-VOES) > poly(2-VOES-co-CHVE)-75/ 25 > poly(2-VOES-co-CHVE)-50/50. This relative ranking is not consistent with the pendulum hardness data generated. This discrepancy may be explained by considering the principle of time-temperature superposition. T g s measured using DMA are frequency dependent. As defined by the Williams-Landel-Ferry equation, an increase in frequency by a decade is equivalent to an increase in temperature of about 6-7°C. 27, 28 Thus, if the frequency of oscillation of the steel balls set in motion by the pendulum was significantly higher than the frequency of 1 Hz used for the DMA measurements, coatings based on poly(2-VOES-co-CHVE)-75/25 would be expected to have the lowest pendulum hardness due to the higher tan d values at room temperature associated with these networks.
With regard to impact resistance, a dramatic variation was observed with respect to polymer composition. For the coatings derived from poly(2-VOESco-CHVE)-75/25, the impact resistance was excellent with all three of the coatings exhibiting no signs of fracture or delamination when the maximum impact of 172 in-lbs was utilized. In contrast, all of the coatings based on poly(2-VOES-co-CHVE)-50/50 failed at the lowest impact of 4 in-lbs. Thus, increasing the CHVE repeat unit content from 25 to 50 wt% changed the impact properties from excellent to poor. Similar to the discussion related to the pendulum hardness results, the impact resistance results can be attributed to the mechanical energy dissipation characteristics of the coatings. The impact resistance test is a relatively high speed event and the polymer chains must have the molecular mobility at the test temperature (i.e., ambient temperature) to rapidly undergo the cooperative molecular motions to dissipate the mechanical energy. The poor impact resistance of the highest T g coatings, which are based on poly(2-VOES-co-CHVE)-50/50, can be attributed to the inability of the polymer chains to respond at a rate sufficient to absorb the impact energy. In contrast, the lower T g polymer chains associated with poly(2-VOES-co-CHVE)-75/25 obviously have enough segmental mobility to respond to the impact within the timeframe of the event. The fact that the coatings based on poly(2-VOES) exhibit lower impact resistance than analogous coatings based on poly(2-VOES-co-CHVE)-75/25 is most likely due to the higher crosslink density associated with the former. Crosslinks inhibit the long-range segmental motions needed to dissipate impact energy. The fact that impact resistance decreases with increasing cure temperature for the poly(2-VOES)-based coatings provides support for this explanation.
Conclusion
As desired, copolymerization of the soybean oil-based vinyl ether monomer, 2-VOES, with CHVE provided coating resins that enabled crosslinked networks with a significantly higher T g . Overall, it was found that both polymer composition and cure temperature significantly affected coatings properties. With regard to polymer composition, the results indicate that an optimum balance between thermal, mechanical, and physical properties can be obtained by tuning the ratio of 2-VOES and CHVE in the copolymer. For example, increasing the CHVE repeat unit content in the copolymer provides for higher crosslinked network T g and a transition from brittle to ductile mechanical behavior; however, increasing the CHVE content to 50 wt% results in poor impact performance. With regard to the effect of cure temperature, as expected, increasing cure temperature increases crosslink density, which results in higher T g , gel content, solvent resistance, Young's modulus, tensile strength, hardness, and adhesion, but reduced impact strength and elongation at break. Overall, the results of the study indicate that this soybean oil-based vinyl ether polymer technology could be useful for overcoming some issues associated with conventional alkyd resins, such as, an energy intensive polymerization process, risk of gelation during resin production, and poor film properties due to the presence of monomers and other low molecular weight species. Follow-up experiments will be conducted that involve a direct comparison of poly(2-VOES-co-CHVE)-based coatings to conventional alkyd coatings.
